Abstract: Studying on the anode materials with high energy densities for next-generation lithium-ion batteries (LIBs) is the key for the wide application for electrochemical energy storage devices. Ti-based compounds as promising anode materials are known for their outstanding high-rate capacity and cycling stability as well as improved safety over graphite. However, Ti-based materials still suffer from the low capacity, thus largely limiting their commercialized application. Here, we present an overview of the recent development of Ti-based anode materials in LIBs, and special emphasis is placed on capacity enhancement by rational design of hybrid nanocomposites with conversion-/ alloying-type anodes. This review is expected to provide a guidance for designing novel Ti-based materials for energy storage and conversion.
Introduction


With the ever-increasing energy consumption/demand and environmental concerns, it is inevitable to develop sustainable and green-energy infrastructure. Lithium-ion batteries (LIBs) have been demonstrated a great success in electric vehicles (EVs) and portable electronic devices, which is arguably the most important energy storage and conversion technology [1] . Yet, the state-of-the-art LIBs still cannot catch up with the requirements of † These authors contributed equally to this work. gravimetric/volumetric energy density, rate capability, cycling stability, safety, and cost in various applications. As one of the most promising anode materials for LIBs, Ti-based materials including TiO 2 (TO) polymorphs and Li 4 Ti 5 O 12 (LTO), have received considerable attention due to their superior cycling stability, rate performance, and safety compared to traditional graphite anode [2] [3] [4] . However, the major disadvantages that limit their use are poor electronic/ionic conductivity and relatively low gravimetric/volumetric energy density. To address the above issues, extensive researches have been conducted: (i) on the material level, to control the morphology, to dope the bulk material, and to modify the surface chemistry/structure [5] [6] [7] ; (ii) on the system level, to hydride with other high-energy-density anodes, to increase the working voltage by using high-voltage cathodes, and to maximize the portion of active electrode materials [8] . However, the improvements are still limited, and new concepts are desperately required for further increasement in order to make Ti-based materials competitive with commercial anodes.
Depending on the reaction mechanism, one can classify electrode materials into three main types: insertion, conversion, and alloying. Graphite (372 mAh/g) and Ti-based anodes (e.g., anatase TiO 2 : 335 mAh/g; Li 4 Ti 5 O 12 : 263 mAh/g) are the classical examples of insertion reaction, demonstrating excellent cycling stability. However, their capacities are usually lower compared with the other two types. Conversion-type anodes include many transitional metal oxides/sulfides such as MoO 2 (830 mAh/g), MoS 2 (670 mAh/g), Co 3 O 4 (890 mAh/g), MnO x (700-1000 mAh/g), Fe 2 O 3 (1008 mAh/g), Fe 3 O 4 (926 mAh/g), FeS (610 mAh/g) , and CuO (674 mAh/g); and alloying-type anodes include Si (3579 mAh/g), Sn (993 mAh/g), and Al (2234 mAh/g) [9] [10] [11] [12] . Their capacities are much higher than that from insertion reaction, yet the huge volume changes during charge/ discharge lead to severe microstructural instability, resulting in pulverization and hence very poor cyclability. This Achilles' heel of conversion-/alloying-type anodes has been tentatively solved by nano-structuring, where stresses generated from the volume change can be partially released by the large surface area, thus structural failure can be greatly deferred. However, aggregation of nano-particles often occurs during the material synthesis, electrode preparation, and electrochemical cycling, and makes it less useful in practical applications. Therefore, it has been proposed to hybrid insertion-type anodes with conversion-/alloying-type ones and assemble their nanocomposites, to achieve high capacity from conversion-/alloying-type components, high stability by insertion-type components and their buffering effect (to release stresses from conversion-/alloying-type reactions), and high rate performance from nano-structuring. This strategy has been employed to develop graphite/Si composites, with many research papers and reviews available in the literatures [11] [12] [13] [14] .
Here we shall summary an updated review regarding Ti-based system materials in LIBs. Its great potential is rooted in the much better cycling life of Ti-based materials (10 3 -10 4 cycles) over traditional graphite (10 2 -10 3 cycles). The focus shall be given on the synergistic effect ( Fig. 1 ) from highly stable Ti-based substrate and high-capacity conversion-/alloying-type anodes, together with conductive carbon which provides not only a percolating electron network but also many other benefits as will be discussed later. We argue a rational design of such heterogeneous nanostructures, rather than simplified physical mixtures, is the key to achieve high electrochemical performance, which is rarely reviewed comprehensively. We shall briefly review Ti-based materials in Section 2 and then emphasize on the recent development of their hybrid nanoachitectures with conversion-/alloying-type anodes in Section 3, followed by discussions and future perspectives in Section 4.
Ti-based materials
Ti-based anode materials have attracted much attention in LIBs due to negligible volume changes during charge/ discharge and hence superior cycling stability, and lots of Ti-based materials have been prepared and reviewed [2, 3, [5] [6] [7] [8] [15] [16] [17] . In this subsection, recent progresses in TiO 2 polymorphs and Li 4 Ti 5 O 12 and common practices to improve their electrochemical performances will be reviewed, including nano-structuring, carbon coating/ decoration, and hierarchical micro-/nano-structure assembly.
1 TiO 2
Owing to their excellent cycle stability, high operating voltage (1. 
. It is worth mentioning that the crystal structure, particle size, and morphology of TiO 2 material would greatly influence the variate x in the above equation. When x = 1, TiO 2 can offer a theoretical specific capacity up to 335 mAh/g. However, the low electron and ion conductivities limit the specific capacity of TiO 2 . Rational designing nanostructures, coupled with conductive carbon materials or metal oxides, and element doping, the electrochemical performance of TiO 2 can be effectively improved [2, 3, 17, 18] .
Among the various TiO 2 polymorphs, TiO 2 (B) possesses a favorable open channel structure and unique electrochemical mechanism for lithium storage, which can provide fast charging-discharging capability of the electrode. What is more, it can accommodate more Li ions compared to other TiO 2 polymorphs, endowing large theoretical specific capacity of 335 mAh/g. The lithium storage mechanism of TiO 2 (B) contains the mixed pseudocapacitive faradic process and diffusion limited solid-state reaction process [19] ; therefore, there usually shows an obvious electrochemical performances enhancement when increasing the specific surface area via various nanostructures. Li et al. [20] reported TiO 2 (B) nanowires using hydrothermal reaction of P25 in KOH solution and subsequent hydrothermal transferring of the proton exchanged K-titanate precursors into TiO 2 (B) in acid solution, which avoids the process of hightemperature treatment. Due to the ultrahigh surface area of 210 m 2 /g, the obtained TiO 2 (B) can accommodate 1.15 mol Li ions (specific capacity: 388 mAh/g) per mole TiO 2 . Liu et al. [21] synthesized TiO 2 (B) with mesoporous structure and microsphere morphology ( Fig. 2(a) ), which facilitates fast Li + ion transport and the contact between electrode and electrolyte. As a result, the electrode exhibited excellent high-rate cycling performances at 10 C for 5000 cycles, with a capacity loss of 0.002% per cycle. Later, Tang et al. [22] developed a mechanical force-driven hydrothemal method for threedimensional (3D) cross-linked network with elongated bending TiO 2 (B) nanotubes. The as-synthesized TiO 2 (B) electrode exhibits outstanding cycling stability at high rate of 25 C for more than 10,000 cycles with 0.0003% capacity fading per cycle. They also investigate the relationship between the nanotubular aspect ratio and electrochemical performance, and they found that the electronic/ionic transport kinetic dramatically increases with the rising of aspect ratio (Figs. 2(b) and 2(c)) [23] . In addition to the nanostructuring method, combining with some conductive materials (such as carbon series materials) is also a common and effective technology to improve the electrochemical performance, owing to enhanced movement of ions and electrons, high structural stability, and mechanical flexibility. Liu et al. [24] reported an additive-free flexible film electrode composed of TiO 2 (B) nanosheets on non-woven activated carbon nanofibers, leading to remarkable high-rate cycling stability for more than 2000 cycles with 0.0007% capacity fading per cycle. Similarly, Ren et al. [25] developed an edge-oriented multilayer graphene (EOG) foam to load TiO 2 (B) nanosheets, which exhibited 12,000 stable cycling at 8 C rate with only 0.002% capacity decay per cycle.
Other TiO 2 polymorphs such as anatase TiO 2 and rutile TiO 2 have also been intensively studied owing to their outstanding structural stability during electrochemical reactions. Nanostructuring is the common method for the electrochemical performances enhancement. Guan et al. [26] exhibited a series of hollow, core-shell, and yolk-shell TiO 2 nanoshells which can be formed on various silica-based, metal, metal oxide, organic polymer, carbon-based, and metal-organic framework nanomaterials (Figs. 2(d)-2(f)). Due to the tiny nanocrystals in the nanoshells, these TiO 2 nanoachitectures illustrated improved rate capacity and cycling stability. Wei et al. [27] prepared a mesoporous yolk-shell spherical nanostructures composed of anatase TiO 2 (as a core) and TiO 2 (B) (as a shell), which demonstrated outstanding high-rate capability of 181.8 mAh/g at 40 C and excellent cycling stability for 500 cycles with only 0.004% capacity loss per cycle ( Fig. 2(g) ). The improved rate capability can be ascribed to the extra space between the core and shell which is useful for pseudocapacity contribution and volume-swell/shrink accommodation. What is more, black TiO 2 nanoparticles (81% anatase and 19% rutile phases) with a narrow bandgap (only 1.85 eV) were obtained through precursor heating under H 2 stream, followed by fast cooling in inert environment until room temperature [28] . Due to the surface disorder and oxygen vacancy, the electronic conductivity can be greatly improved. The electrochemical performance of black TiO 2 was reported by Xia et al. Owing to the enhanced ion exchange and movement in the hydrogenated disordered surface, the specific capacity and cyclability have been obviously improved [29] . For the electrochemical www.springer.com/journal/40145 performance improvement by various carbon modifications, mesoporous hollow anatase TiO 2 /graphitic carbon spheres [30] , TiO 2 microclews (obtained by a self-made thermal-convection hydrothermal equipment, Figs. 2(h)-2(k)) on a carbon cloth with high mass loading density up to 4 mg/cm 2 [31] , ultrafine TiO 2 nanocrystals (6 nm) with the binder-free porous (50 μm) graphene (PG) network foam [32] , amorphous TiO 2 on carbon nanotube network [33] can deliver a capacity of 137 mAh/g up to 1000 cycles at ~5 C (0.008% capacity fading per cycle); a capacity of 74 mAh/g up to 1000 cycles at 2000 mA/g (0.033% capacity fading per cycle); a capacity of ~60 mAh/g up to 10,000 cycles at 15,300 mA/g (0.0002% capacity fading per cycle); a capacity of 120 mAh/g up to 10,000 cycles at 2000 mA/g (0.0007% capacity fading per cycle), respectively. The remarkable excellent high rate capability of the above nanocomposites could be attributed to (i) high specific surface area and large pore volume of TiO 2 nanomaterials, (ii) enhanced ionic diffusivity and the electronic conductivity as well as (iii) the nanomaterial aggregation prevention and structure change alleviation by conductive carbon networks (especially twodimensional (2D) graphene, one-dimensional (1D) carbon nanotubes (CNTs), and carbon nanofibers) [34, 35] . To sum up, by using various nanostructures and carbon modification, TiO 2 [37] , and even at the fully lithiated state about 0 V (vs. Li/Li + ), the volume expansion of Li 8.5 Ti 5 O 12 was only 0.4% based on the theoretical calculations. Therefore, the zero-strain Li 4 Ti 5 O 12 is widely considered as an ideal electrode that can possess extremely long cycle life because tiny lattice changes not only remain the crystal structure stable in each lithiation/delithiation process but also maintain the mechanical integrity of the binder and conductive carbon matrix which are quite crucial for electron conducting pathway during long-term cycling. However, relatively poor electronic conductivity (10 -13 -10 -8 S/cm) [5] and low Li + ion diffusion coefficient (ca. 10 Li Ti O + 4.5Li + 4.5e
To date, different nanostructured Li 4 Ti 5 O 12 including nanoparticle, nanowire, nanotube, nanofiber, and 2D nanosheet and nanoplate, 3D hierarchical nanostructure, and other hybrid architectures have been successfully prepared and displayed. Ordered large-pore mesoporous Li 4 Ti 5 O 12 thin film electrodes with nanocrystalline framework exhibited cycling stability for 3000 cycles at 64 C with capacity from 155 to 148 mAh/g (0.002% capacity loss per cycle) [38] . A hierarchical structure assembled by Li 4 Ti 5 O 12 ultrathin nanosheets (with large specific surface area of 178 m 2 /g) shows excellent cycling performances for 3000 cycles at 20 C with 0.008% capacity loss per cycle [39] . However, the large specific surface area of nanostructured materials compromises the tap density of electrodes, which decreases the volumetric energy density of the full cells. Besides, due to the large electrochemical active specific area contacted with electrolyte, more side reactions would happen, which will consume much Li from the cathode forming lead lithium. Introducing grain boundaries and phase interfaces have provided to solve the problem. It was acknowledged that the presence of enormous grain boundaries and phase interfaces not only can provide more Li + storage sites, but also accelerate lithium ion and electron transportation. Wang et al. [40] synthesized densely packed Li 4 Ti 5 O 12 submicrospheres with enhanced high tap density (1.2 g/cm 3 ) and relatively low surface area (8.6 m 2 /g). Benefiting from the abundant grain boundaries between the nanocrystallites in the submicron spheres, the columbic efficiency of the first cycle is high as 96.13% and the electrode shows good capacity retention ratio of 97.3% after 500 cycles at 10 C. Except for the grain boundaries between the nanocrystallites of one single phase, dual-phase composites usually give more grain boundaries due to abundant phase interfaces, which can be demonstrated by the capacity and ionic transport improvement of Li 4 (Figs. 3(a) and 3(b) ). Note that partial anatase TiO 2 converted into rutile TiO 2 will further increase phase boundary density. A capacity of about 139 mAh/g can be still maintained after 1000 cycles even at high current density of 4000 mA/g (with 0.02% capacity fading per cycle) [42] . It was believed that such a multiphase composite designed strategy could be employed as a new way to improve conductivity, tap density, and Coulombic efficiency of one electrode, rather than using excessively large free surface or relying Ti 3+ defects. (Fig. 3(g) ). Taking the advantages of large porosity, high conductivity, and enhanced adhesion, the nanoarchitectures exhibited remarkable high-rate capacity of 155 mAh/g at 20 C and outstanding cyclability for more than 3000 cycles (144 mAh/g) at 20 C with 0.003% capacity loss per cycle. As a consequence, by using various nanostructures and carbon modification, the capacity of Li 4 Ti 5 O 12 at high rate (10-90 C) is quite stable for thousands of cycles, implying it an ideal host for rapid Li + ion transportation and storage during lithiation/delithiation.
As mentioned above, relatively low theoretical specific capacity is the biggest problem for insertion-type materials (Fig. 4) 2 : 335 mAh/g). However, numerous works we mentioned in this section demonstrate that the most impressive feature for Ti-based materials is their outstanding capacity retention even after ultralong high-rate cycle life, which makes it possible as a robust substrate material for long-term cycling performance.
Ti-based hybrid nanocomposite with conversion-/alloying-type anodes
As is clear from Section 2, Ti-based anodes have superior stability and excellent cycling life yet, its capacity is relatively low. Therefore, it has been proposed to hybrid them with some high-capacity conversion-/alloying-type anodes. As one of the most popular research interests in the energy storage field nowadays, alloying-type materials can possess tremendous theoretical specific capacity, good safety, and quite low working potentials versus lithium compared with other intercalation-type (except for the graphite material) and conversion-type materials [12] . Electrochemically alloying and dealloying reactions can happen between lithium and a number of metallic and semi-metallic elements (Fig. 4) LG Chem., have already commercialized such electrode materials in the lithium ion batteries. However, most alloying-type anode materials suffer from irreversible structural changes and very poor cyclability, which could be due to the large volume change during charge/ discharge, the formation/decomposition of unstable solid-electrolyte interface (SEI), the trapping of lithium in the host alloy, the reaction with oxide impurities, and the aggregation of alloy nanoparticles. Many efforts have been spent to solve the problems, including surface coating, multiphase composites, reducing particle size, cycling-voltage control, binder, and electrolyte design [11, 14] . Different from the insertion-or alloying-type materials mentioned above, conversion-type materials usually involve a reversible electrochemical reaction between M x N y (M = Co, Mn, Ni, Mo, Cu, Fe, Cr, Ru, etc.; N = O, S, P, F, Cl, etc.) and metal M 0 nanoparticles embedded in a matrix of Li y N [9, 12] as illustrated in Fig. 4 . As the electrochemical process is associated with the multiple electronic redox reactions between transition metal with high valence state and its zero metallic state, it can exhibit a considerably high specific capacity. Accompanying conversion reaction of their composites, formation of the SEI layer by electrolyte decomposition and the large volume variation during the phase transition results in a huge irreversible capacity loss during first several cycles and poor cycleability. In order to circumvent the above problems, nanoachitecture design, such as 1D nanotubes (wires), 2D nanosheets, 3D micronano spheres (hollow structure) can not only effectively reduce the volume change during the conversion reaction, but also can reduce the Li + diffusion pathway; thereby, the rate performance and cycling stability have been greatly enhanced [49] [50] [51] [52] [53] . In addition, by coating or compositing with conductive carbon materials, metals, conductive polymers can effectively suppress the agglomeration and pulverization of the active material and increase the electrical contact and mechanical integrity of the electrode [9, 54, 55] , hence leading to the high specific capacity and long-term stability.
1 Conversion-type hybrid nanocomposites
To enhance the capacity, various high-capacity materials were introduced into host electrode materials. In this section, the conversion-type electrochemical properties of the Ti-based hybrid composite and their performance as anodes in LIBs will be briefly discussed.
First, we will take TiO 2 as an example. 1D TiO 2 nanostructure is featured with superior conductivity and low volume expansion, which makes it possible to serve as the backbone of hybrid structures. Recently, our group developed a novel hybrid composed of TiO 2 nanowires decorated with MoO 2 quantum dots encapsulated in carbon nanosheets via a simple polymerization method and heat treatment as illustrated in Fig. 5(a) [57] . In a typical synthesis, hydrogen titanate (HTO) nanowires were initially obtained by a simple hydrothermal method. Then, Mo-polydopamine nanosheets can be successfully grown on the surface of HTO nanowires via a polymerization reaction under weakly alkaline solution. After heat treatment as prepared HTO@Mo-PDA hybrid precursor in a N 2 atmosphere, the core HTO nanowire transformed to TiO 2 , and the external Mo-PDA nanosheets in situ converted to tiny MoO 2 nanoparticles (about 1 nm) embedded into 2D carbon nanosheets, thus resulting in the formation 0D-1D-2D TiO 2 @MoO 2 /C hybrid composite. The tiny MoO 2 nanoparticles were successfully grafted onto stable TiO 2 nanowires to enhance specific capacity (Figs. 5(b) and 5(c) ). In addition, external 2D carbon network can significantly avoid surface oxidation of MoO 2 nanoparticles, maintaining the integrity of whole structure as well as high conductivity. Consequently, such a novel 0D-1D-2D nanoarchitecture demonstrated a high capacity and excellent cycling performance ( Fig. 5(d) ). Similar to hybrid composite mentioned above, Luo et al. [58] prepared a novel hierarchical hollow TiO 2 @Fe 2 O 3 core-shell nanoarrays (Fig. 5(e) ). Firstly, high-density Co 2 (OH) 2 CO 3 nanowire array was uniformly prepared on Ni foam by a simple hydrothermal growth. Then, controllable TiO 2 layer was directly deposited on the surface of as prepared Co 2 (OH) 2 CO 3 nanowire array by atomic layer deposition (ALD) method. In addition, TiO 2 -coated Co 2 (OH) 2 CO 3 nanowire array was immersed in FeCl 3 solution through an ion-exchange-accelerated hydrolysis, thus leading to the formation of FeOOH-coated TiO 2 nanowire array. Eventually, hierarchical hollow TiO 2 @Fe 2 O 3 core-shell nanostructure can be obtained after annealing treatment. A typical TEM image of the as-fabricated nanoarrays is characterized in Fig. 5(f) . External Fe 2 O 3 nanospikes are uniformly attached to the hollow TiO 2 nanowire. The robust hollow TiO 2 nanowire serves as a stable substrate and provides a conductive path for electrons. As a result, such a hierarchical hollow structure exhibits a high reversible capacity and improved cycle stability (Fig. 5(g) high reversible capacity, excellent cycling stability as well as excellent rate capability. The capacity of the as prepared sample can maintain a reversible capacity of 602.8 mAh/g even after 480 cycles (Fig. 5(j) ). Except for transition metal oxides, transition metal sulfides also have attracted great attention because of their high theoretical specific capacity for lithium ion storage. Manthiram and coworkers [60] developed a facile strategy for TiO 2 -B/MoS 2 nanowire arrays, which directly grow on a current collector without any binder or carbon. The image of this structure is shown in Figs. 5(k) and 5(l); a core-shell structure composed of TiO 2 -B nanowires coated with a few MoS 2 nanosheets can be seen. Such a special structure provides good cycling stability and excellent charge distribution with the help of TiO 2 -B nanowire array and highly ordered MoS 2 nanosheets, leading to the enhancement of ion diffusion and charge transport kinetics. In addition, metallic 2D MoS 2 layered structure favors high rate capability and the enhancement of the capacity because of its conversiontype reaction. As a result, the TiO 2 -B/MoS 2 hybrid electrode showed excellent rate performance (Fig. 5(m) ) and long-term stability, which delivers a charge capacity of 350 mAh/g after 100 cycles. The present strategy could provide a novel method to fabricate 3D hybrid nanoarrays as high-performance additive-free electrodes for advanced lithium ion storage. What is more, more TiO 2 -based heterogeneous nanoachitectures with conversion-type anodes have been reported and listed in Table 1 2 , FeS), the capacity of the hybrid composites can be greatly enhanced up to 820 mAh/g (after 1000 cycles at 500 mA/g).
Besides TiO 2 , Li 4 Ti 5 O 12 has also been used as the "zero-strain" substrate for high capacity materials. Our group developed a novel 3D Li 4 Ti 5 O 12 -TiO 2 /MoO 2 core/ shell porous superstructure coated by carbon nanosheets for boosting more efficient lithium ion storage [61] . Figure 6(a) is the procedure to fabricate 3D hierarchical structure, including the formation of the hydrated lithium titanium precursor (LHTO-NWs), followed by depositing with the 2D hybrid nanosheets, and finally in situ www.springer.com/journal/40145 (Fig. 6(d) ). Further investigation showed that the presence of tiny MoO 2 in carbon nanosheets allows to significantly enhance the specific capacity. What is more, encapsulating MoO 2 nanoclusters is also beneficial for improving the electrical conductivity and the pseudocapacitive behavior. In this sense, rational designing hierarchical superstructures as well as strongly coupled interaction with the carbon matrix is pretty important for boosting lithium ion storage.
2 Alloying-type hybrid nanocomposites
The Ti-based substrate we mentioned above is 1D nanowires or arrays, and 2D nanosheets have received great attention due to their larger specific surface area and unique physical and chemical properties. It was reported that some unprecedented electrochemical effects occur on the surface of 2D nanostructure, leading to fast ion diffusion and numerous ion insertion channels [49, 50, 63] . In this respect, the combination of 2D nanosheets as the stable substrate, is well suited for capacity enhancement of Ti-based materials. Very recently, Xu et al. [62] reported a novel 0D/2D hetero-structure assembled by ultrathin Li 4 Ti 5 O 12 nanosheets and ultrasmall MoS 2 quantum dots (QDs). In a typical synthesis, the vacuum-filtration assisted assembly process was employed to combine ultrathin Li 4 Ti 5 O 12 nanosheets and ultrasmall MoS 2 QDs (Fig. 6(e) ). It was accepted that QDs composed of tens of atoms possess pretty high surface-to-mass ratio. Combined with 2D ultrathin Li 4 Ti 5 O 12 nanosheets, numerous MoS 2 QDs can be homogeneously anchored on the surface of Li 4 Ti 5 O 12 nanosheets (Figs. 6(f) and 6(g)), boosting the electrochemical properties. The resulting 0D/2D hetero-structure showed enhanced surface-controlled Li storage behaviors. As anode material in LIBs, the hybrid composite exhibited enhanced capacity and high-rate capability as well as superior cycling performance, a high specific capacity about 161 mAh/g can be achieved at a high rate of 30 C and the capacity can maintain 94.1% after 1000 fast cycling at 10 C (Figs.  6(d) and 6(e) 2 ), the capacity of the hybrid composites can be greatly enhanced up to 413 mAh/g (after 500 cycles at 1000 mA/g).
In this subsection, the alloying-type of hybrid composites to enhance capacity will be briefly emphasized in terms of the structure manipulation and hierarchical configurations, and subsequently improved electrochemical performances will be discussed and compared.
Among the various Li alloy elements, silicon and its compounds have been considered as one of the most attractive anode materials for LIBs because it has the highest specific capacity (4200 mAh/g). However, a major drawback is the rapid capacity fading due to the huge mechanical expansion strain caused by the large volume expansion/contraction during Li insertion/ extraction. Li et al. [75] developed a novel watermelonlike structured SiO x -TiO 2 @C nanocomposite. Ultra-small TiO 2 nanocrystals are uniformly encapsulated inside SiO x particles, forming unique SiO x -TiO 2 dual-phase cores. As showed in Fig. 7(a) , the addition of TiO 2 component can significantly enhance the electronic and lithium ionic conductivity and meanwhile release the structural stress caused by alloying/dealloying of Si compounds. In addition, the outer carbon coating shell can not only endow high electronic conduction of active materials, but also alleviate the mechanical stress generated by the large volume change of Si component. Accordingly, under the current density of 0.1 A/g, a high specific capacity of 910 mAh/g is retained after 200 cycles, and 700 mAh/g can be maintained after 200 cycles even the high current density of 1 A/g (Figs. 7(b) and 7(c) ).
Besides Si, metallic tin (Sn) as well as its oxides have been proved as the promising anode materials for nextgeneration LIBs due to their high theoretical capacity (991 mAh/g for Sn; ~790 mAh/g for SnO 2 ) [76] . The basic reaction mechanisms of SnO 2 and Sn materials have been illustrated as follows. In the first lithiation process, SnO 2 is converted to Sn via an irreversible conversion-type reaction (Eq. (3)). Then, the alloying/ dealloying reactions of the in situ formed Sn phase would happen in the subsequent cycling (Eq. (4)). Accordingly, the formation of Li 4.4 Sn results in the large volume expansion (~300%). In attempts to accommodate the volume change during discharge/charge processes and to improve the first Coulombic efficiency and cycle performance, various architectures regarding material structure rather than pure nanoparticle have been designed and proved. Hollow nanostructure allows accommodating volume expansion and alleviating the expansion stress, thus enabling superior cycling stability compared to the nanoparticles. Wu and coworkers [77] reported a self-templated strategy to fabricate hierarchical TiO 2 /SnO 2 hollow spheres coated with graphitized carbon (HTSO/GC-HSs). Combining sol-gel process and calcination treatment, a robust mesoporous hollow structure composed of ultrafine solid solution of rutile TiO 2 and SnO 2 and anatase TiO 2 embedded in carbon was successfully obtained. The as-prepared mesoporous HTSO/GC-HSs with high specific area exhibit an interesting yolk-double-shell structure, which manifests exceptional cycling stability and rate performance for LIBs. In this case, a high reversible specific capacity of about 310 mAh/g can be maintained after 500 cycles even at a high current density of 5 A/g. Therefore, rationally constructing well-defined hollow architecture can achieve exceptional cycling stability and rate performance. Chen et al. [78] developed a novel mesoporous TiO 2 -Sn@C core-shell microspheres by several hydrothermal methods, as illustrated Fig. 7(d) . In this work, Sn nanoparticles were successfully encapsulated into a TiO 2 matrix coated with a carbon layer. As a result, the mesoporous TiO 2 matrix and the carbon shell can prevent the aggregation of Sn, buffer volume change, and accommodate structural stress of Sn during electrochemical processes. The as-prepared TiO 2 -Sn@C composite exhibits excellent long-term cycling stability, which exhibited a reversible capacity of 206.2 mAh/g at 500 mA/g after 2000 cycles. Liao and Manthiram [79] developed 3D mesoporous TiO 2 -Sn/C core-shell nanowire arrays on Ti foil as anodes for lithium-ion batteries. Such a core-shell nanowire array structure can effectively buffer the volume change, suppress cracking, and improve the conductivity of the electrode during the discharge-charge process, thus resulting in superior rate capability and excellent long-term cycling stability. The as-prepared TiO 2 -Sn/C nanowire arrays exhibit a capacity retention rate of 84.8% with a discharge capacity of over 160 mAh/g, even after 100 cycles at a high current rate of 10 C.
Similar to TiO 2 , Li 4 Ti 5 O 12 -SnO 2 hybrid composite also exhibits enhanced electrochemical performance. As mentioned above, Sn-based compounds still suffer from huge volume change during the process of lithiation/delithiation, hence giving rise to poor cycling performance. Cai et al. [80] Figs. 8(a) and 8(b) . In this work, combining the robust Li 4 Ti 5 O 12 -TiO 2 core substrates and high capacity of Sn nanoparticles, the as-prepared sample exhibited enhanced capacity for boosting lithium ion storage. Importantly, the N-doped carbon coating endows to improve electrical conductivity and ion permeability as well as stability [83] . As a result, the novel nanocomposites show an initial discharge capacity of 964 mAh/g and a capacity retention of about 360 mAh/g after 600 cycles at a high current rate of 1000 mAg in Fig. 8(c) , which is benefit for high capacity anode material in LIBs. It was proposed that this hierarchal architecture could provide better lithium ion storage by providing more accommodation so as to ease its large volume changes. In addition, the presence of 1D substrate can provide rapid electrical pathways for efficient charge transport, leading to the high specific capacity and long cycling stability.
To reduce the Li + diffusion length and to increase the tolerance to strains during alloying/dealloying process, fabricating rational structures such as hollow architecture or core-shell structure are highly desirable, which witness a great success in Si-based anodes [11] [12] [13] [14] . Ji et al. [84] designed a hollow core/shell structure to improve the lithium ion storage by Li 4 Fig. 8(d) ). In this work, well-defined hollow architecture with porosity in the shell allows to ease the strain during charging/discharging. What is more, the external Li 4 Ti 5 O 12 coating can significantly reduce the initial irreversible capacity loss (due to stable SEI) and to enhance the capacity and cyclability of SnO 2 . Finally, Table 2 summarizes the recent work about Ti-based composites with alloying-type anodes; due to the synergistic effects of stable substrate of TiO 2 and Li 4 Ti 5 O 12 , and high capacity of alloying-type anodes (such as SiO x , Sn, SnO 2 ), the capacity of the hybrid composites can be greatly enhanced up to 700 mAh/g (after 600 cycles at 1000 mA/g).
Conclusions and perspectives
Ti-based materials can be regarded as promising anode materials in energy storage and conversion field due to their amazing safety and excellent rate capability. In this review, the aim is to give a summary about the enhancement of Ti-based compounds with low specific capacity. We start with a brief recent progress of Ti-based compounds, including the use of nanostructuring, surface coating as well as hierarchical hybridization with carbon and so on. Most of the advanced Ti-based materials can exhibit notable cycling performances with < 10 -3 % capacity loss per cycle; however, the energy density enhancement is still limited due to the relatively low theoretical specific capacity. We highlight the synthetic protocol and advantages of Ti-based heterogeneous architectures with conversion-/alloyingtype hybrid. Owing to the synergistic effects of highly stable substrate of Ti-based materials, high-capacity feature of conversion-/alloying-type anodes, as well as conductivity and structural stability enhancement with some carbonaceous networks, the capacities of Ti-based materials have been improved obviously and effectively. However, a number of challenges remain unresolved in the development of Ti-based anode materials for LIBs to meet the growing application criteria.
(1) For most of the conversion-type anodes, the redox potential is quite wide (0-3 V vs. Li/Li + ) which results in lower output voltage when assembling full battery compared with graphite (~0.1 V vs. Li/Li + ). This will sacrifice the power density of the battery system. By contrast, the potential of alloying-type anode (e.g., Si: ~0.4 V; Sn: 0.4-0.8 V; Al: ~0.4 V vs. Li/Li + ) is much lower than conversion-type anodes. Therefore, we believe alloying-type anodes are more practical and competitive when considering battery devices in real-life applications.
(2) Note that for Ti-based materials, the structure during cycling is super-stable but the capacity is low; whereas for high-capacity materials like conversion-/ alloying-type anode, the capacity is very high but the structural stability is poor. Therefore, the wise protocol to improve the capacity of Ti-based materials sometimes is the good choice to enhance the stability of conversion-/ alloying-type anode. In this case, we think (i) the 0D-1D-2D heterogeneous nanoarchitectures with 0D high-capacity nanoparticles, 1D stable Ti-based material, and 2D conductive carbon network (coating), and (ii) core-shell micro-nano spheres with high-capacity material as the core and structural stable Ti-based materials as the protective shell are very promising synthetic strategy to obtain ideal high-capacity and long-life anodes for LIBs.
(3) Take into account practical production or industrialization, facile strategies with low production costs are urgently essential. The competitive electrode materials should meet the requirement of available production line. It is well known that reliability and homogeneity of heterogeneous nanocomposites are still the biggest challenges for their large-scale production.
To overcome this issue, the joint efforts are highly appreciated, not only for the breakthrough in the fields of electrochemistry, physical chemistry, solid state/ polymer chemistry as well as surficial and interface science, but also for the collaborations among the fields of academic, manufacturing industry, and battery industry.
In a word, we are optimistic that Ti-based materials with rational designs and structure manipulation could have great potentials and a bright future for the nextgeneration energy storage.
